Nitric oxide reagent gas has been found to improve the sensitivity and robustness of the atmospheric pressure corona discharge ionization (APCDI) process. Sensitivity has been increased by a factor of 20-100, depending on the compound, over APCDI without nitric oxide. The robustness (defined as the sensitivity to matrix interferences) of APCDI in the presence of water has been improved by a factor of 3 over normal APCDI. These improvements are due in part to a modification of the commercial inlet system and ionization chamber that allows the chamber and sample gases to be heated to 100 and 350 "C, respectively. Nitric oxide was chosen as the reagent gas because of the variety and selectivity of its interaction with hydrocarbons with differing functional groups. Product ions of nitric oxide ionization and their subsequent tandem mass spectra are presented and discussed for selected alkanes, alkenes, alkylbenzenes, alcohols, aldehydes, and an ether. A tandem mass spectrometry (unique parent ion-daughter ion transition) method was developed to quantify compounds of specific interest in vehicle emissions. The absolute sensitivity for these compounds, under ideal conditions, was determined and ranges from 0.006 ppb for xylene (most sensitive) to 80 ppb for C, (or larger) normal alkanes. Routine sensitivity for real-world samples was in the single parts per billion range for aromatic and olefinic species. Potential applications include the real-time, on-line monitoring of selected hydrocarbons in automobile exhaust. (J Am Sot Mass Spectrum 7994, 5, 2107-2214 M easurement of individual aromatic, olefinic, and oxygenated hydrocarbons in automobile exhaust becomes more difficult as emission control systems and engines become more efficient. Nevertheless, state and federal regulations that will take effect over the next few years mandate that more chemically specific information be reported on ten times less total emissions than the current standard. To address this need, fast and sensitive real-time on-line methods of analysis are actively under development.
M easurement of individual aromatic, olefinic, and oxygenated hydrocarbons in automobile exhaust becomes more difficult as emission control systems and engines become more efficient. Nevertheless, state and federal regulations that will take effect over the next few years mandate that more chemically specific information be reported on ten times less total emissions than the current standard. To address this need, fast and sensitive real-time on-line methods of analysis are actively under development.
One potential real-time on-line analytical method is based on atmospheric pressure corona discharge ionization (APCDI) and tandem mass spectrometry. Previous work [l] has shown the utility of this technique via charge exchange ionization under dry conditions. This report describes the use of nitric oxide (NO) as a selective reagent gas for charge exchange and charge attachment ionization under APCDI conditions. Nitric oxide is a well-characterized reagent gas that exhibits a variety of ionization mechanisms under classical chemical ionization (CI) conditions 12-51. Nitric oxide can ionize by charge attachment [M + NO+] , charge exchange CM+), or hydride extraction [M -H+] . The use of selective reagent gases in classical CI is a common Address reprint requests to Dr. Mark A. Dearth, Ford Motor Co., Mail drop SRI. 3061, P.0. Box 2053 , Dearborn, MI 48121-2053 practice; however, it is not a common practice with APCDI. Some early workers used selective reagent gases with APCDI including benzene [6] and nitric oxide [7] to enhance the ionization of hydrophobic compounds, such as PAH or PCB [8] . The utility of these ionization methods, however, could not be fully realized until tandem mass spectrometry became a common separation technique.
Fundamental studies of APCDI [h, 7,9] have shown that water is a significant potential interferent in ionization processes that rely on more energetic reagent gases (such as nitric oxide). In APCDl, charge exchange from more energetic charged species, to compounds with lower ionization potentials, occurs rapidly and with great efficiency. This is due to the large number of intermolecular collisions that occur at atmospheric pressure [6] . In fact, ionization efficiency can approach 100%.
With samples in ambient air or vehicle exhaust, the natural abundance and low ionization potential of water make protonated water the predominant reagent ion in the APCDI source. In the past, this has limited the application of APCDI to compounds ionized by proton transfer reactions. Unfortunately, this restriction has limited AI'CDI to hydrophilic compounds and has excluded the measurement of most hydrocarbons. However, under dry conditions, nitric oxide-assisted APCDI can be used to ionize a wide variety of hydra carbons with diverse functional groups [7, 91. Fundamental parameters that influence the nitric oxide ionization process are reported here, including nitric oxide concentration, water concentration in the ionization region, and ion source temperature.
Our goal was to determine a "robust" APCDI process suitable for the analysis of such diverse compounds as methanol and ethanol, formaldehyde and acetaldehyde, benzene, toluene, and other alkylbenzenes, methyl tert-butyl ether (MTBE), and the olefins including ethene and 1,3-butadiene, hereafter referred to collectively as hydrocarbons. A "robust" ionization process would be one unaffected by changes in the sample matrix composition, especially water. The species noted are important components of vehicle exhaust and are of regulatory or environmental interest. The remainder of this report will present the experimental conditions determined and the quantitation methods devised by using nitric oxide as an APCDI reagent gas and that result in a more robust APCDI process.
Experimental
Muferials. Synthetic gas blends of hydrocarbons were commercially prepared (Scott Specialty Gases) and calibrated by gas chromatography-flame ionization detection analysis. Typically, hydrocarbon standard concentrations were about 1 ppm in dry nitrogen, with as many as 24 compounds per gas cylinder. Gas standards were further diluted by using the boil-off from a liquid nitrogen dewar and 99.999% pure synthetic air (AIRCO Industrial Gases). Nitric oxide, at 9000 ppm in nitrogen, was diluted with nitrogen or air to the required concentration.
The passage of air through a water-filled impinger produced known hydration levels of synthetic air. The impinger was maintained at room temperature, and saturation vapor pressure was determined from air temperature and barometric pressure. This hydrated air was then mixed with other dry gases, at predetermined ratios, to produce known water concentrations within the ionization region.
Mass spectrometer modifications. All mass spectrometric measurements were made with a Sciex Instruments (Thornhill, Ontario) API-III triple quadrupole mass spectrometer equipped with an atmospheric pressure corona discharge ionization (APCDI) source. The ionization region of this instrument is housed in a stainless steel chamber that is about 4.5 L in volume and has all gas infiltration points sealed with rubber gaskets or o-rings. The ionization chamber is additionally equipped (in-house) with a heating blanket and is heated to 100 "C.
Additional modifications to the gas inlet system also were made m-house. The schematic in Figure 1 depicts these changes. Briefly, the standard 2.2-cm-o.d. glass inlet tube is fitted with a concentric 0.63-cm-o.d. glass tube afixed by a weld joint through the side of the 2.2-cm-o.d. tube, at an external point of the ion chamber. A copper block is machined to fit snugly over the concentric 0.63-cm tube and snugly inside the 2.2cm-o.d. inlet tube. This block is drilled to accept two 0.31-cm cartridge heaters and a thermocouple for feedback control of heating. With this arrangement, gases passing through the concentric inner glass tube can be heated to above 350 "C. A sleeve made of machinable ceramic (MACOR) is used to constrict the gases that exit the glass inlet to a narrow region that surrounds the corona discharge needle and the area in close proximity to the inlet orifice. The approximate volume of the ionization region within the ceramic sleeve is 3.5 mL. At a flow rate of 7 L/min, this volume is swept more than 30 times per second.
MUSS spectronreter measurements. Surveys of parent and daughter ions from nitric oxide ionization were conducted in the full scan mode, with typical scan rates of 1 s-' across 15-200 u. For tandem mass spectrometry, argon was used as a collision gas at a density of 350-400 X 10" molecules/cm2. Collision energy was 9-20 eV. Selected parent-daughter transitions were monitored for calibration and quantitation, with a dwell time of 50-100 ms per ion pair; see Table 1 for specific parent-daughter ion pairs that were monitored. Calibration and quantitation were accomplished by postrun processing with software supplied with the instrument.
Methods. All gases were metered with mass flow controllers (Matheson, Inc., East Rutherford, NT) and were
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transported and mixed in Teflon" or s&less steel tubing. For calibration purposes, synthetic gas standards of hydrocarbons were serially diluted by using mass flow controllers with flow rates ranging from IO mL/min to 10 L/ruin. The mass flow controllers were sized so that the controlled flows were between 50 and 100% of full scale. Thus, the mass flow controllers were operated in the range of highest accuracy for the desired flow rate. The mass flow controllers were used as calibrated by the manufacturer. Typical gas flow rates through the ionization region were 5-7 L/nun.
Prerequisite Conditions
The concentration of water in the APCDI source must be very low (low parts per million) before nitric oxide can be used as a reagent gas. Under dry conditions, small amounts of nitric oxide will be formed by the corona discharge from the interaction of Nl and 0, [9] . The appearance of a small NO+ peak in the background spectrum of synthetic air is a good indicator of the degree of dryness of the ion source region. Once this state is achieved, the addition of small amounts of additional nitric oxide will bias the background spectrum so that NO+ is the predominant ion and ions due to water will be attenuated [ 71. These conditions can be achieved routinely by heating the tightly sealed ion source region and by using very dry gases as a continuous purge.
Ionization Mechanisms
Preliminary mass spectral investigations were conducted to determine the ionization mechanisms and the resulting ions for various hydrocarbons. Subscquent tandem mass spectra were acquired for the predominant molecular or pseudomolecular ions and their daughter ions. These tandem mass spectra, which contain the predominant pseudomolecular ion and collision-induced fragment ions, are presented and discussed here. The results of these investigations will be discussed based on the functional group class for each type of compound.
Alkun~s.
Nitric oxide ionizes linear and branched alkanes by hydride abstraction and forms an [M -H' ] pseudomolecular ion. This is the same ionization process observed for alkanes under low pressure nitric oxide CI conditions [ 101. Full scan parent-daughter ion mass spectra were acquired for n-nonane, 2,2,4-trimethylpentane, 3-methylhexane, and methylcyclopentane and are shown in Figure 2 . Daughter ion fragments have been labeled with tentative structures and are consistent with known alkyl fragmentation pathways. For instance, n-nonane fragments by sequential loss of methylene units and 2,2,4-trimethylpentane fragments more preferentially to m/z 57, the terf-butyl cation.
ANtenes. The three potential ionization mechanisms (charge attachment, charge exchange, and hydride abstraction) are observed in the interaction of NO' with the alkenes. In Figure 3 , five parent-daughter ion mass spectra are presented. We observed that trans-Z-butene and 1, Akylbenzmes.
Alkylbenzenes are ionized by forming a nitric oxide charge attachment complex. Representative parent-daughter ion mass spectra for the alkylbenzenes are found in Figure 4 . The [M + NO*] parent ion can be induced to fragment to produce the M+ ion, which may undergo additional fragmentation. The degree to which the M+ ion fragments is roughly proportional to the size and number of alkyl substituents on the benzene ring; more [M -CH:] is observed from the C, benzenes than the C, benzenes, and more from the C, benzenes than from toluene. Fragmentation of benzene and toluene M' ions is not observed. Benzene forms the strongest [M + NO+1 adduct, but it can be induced to lose neutral NO by collision-induced dissociation, either in the collision cell (quadrupole 2) or in the region between the inlet orifice and the first quadrupole. Use of the orifice and quadrupole rod offset voltage to control the species observed will be discussed later (see the section entitled Orifice/rod offset voltage).
Oxygenates. The oxygenates studied here (see Figure  5 ) all exhibit charge attachment adducts as the prc dominant product ion. 
Factors that Aflect NO APCDI
The most important parameter investigated for its impact on nitric oxide-assisted APCDI was the concentration of water in the sample gases. The importance of water is twofold: (1) it is an obvious interferent to APCDI when it is more than a trace component and (2) it makes up about 2 and 13% (by volume), respectively, of ambient air and vehicle exhaust. Other parameters that are important to nitric oxide-assisted APCDI include the concentration of nitric oxide, instrumental variables, and sample temperature. These topics are discussed in succeeding text.
Water concentration. At low parts per million concentrations water inhibits charge exchange ionization of hydrocarbons. A detailed understanding of this inhibitory effect was needed to affect methods of circumvention. Studies were carried out with compounds whose ionization are most strongly inhibited-the alkylbenzenes. Under very dry ion source conditions without nitric oxide addition, benzene and alkylbenzenes can be ion- The alkenes shown were selected to represent various functionalities: cis-2-pentene and trans-Z-butene represent the cis and tram conformatiofls, 1,3-butadiene represents the diencs, 2-methylprw pene represents an alkene with branching, and l-methytcyclopentenc represents cyclic alkenes.
ized by charge exchange from NT, O;, or the small amount of NO+ formed in dry air [Il. However, as the concentration of water increases, charge exchange ionization is inhibited. Figure 6 contains plots of the average relative response of the alkylbenzenes at two temperatures, normalized to their response with no water versus added water vapor. Plot A (320 "C) will be discussed later. As shown by data plot B (100 OC), when the concentration of water reaches 100 ppm, the average signal of the aromatic compounds drops by more than 45%. The expected range of water concentration in our target sample (diluted auto exhaust) is O-100 ppm.
A possible method to mitigate the negative effect of water was suggested by Sunner et al. [El, who found that heating the gas stream improved the APCDI (by proton transfer from water) of marginally basic compounds. The reported improvements were attributed to the reduction in the size of the neutral solvent shell that forms around a protonated wafer ion. By logical extension, it is likely that NO+ also is quickly solvated by neutral water molecules, which reduces the ability of NO+ to interact with hydrophobic compounds. Thus a reduction of the neutral water solvent shell surrounding NO' should have a positive influence on nitric oxide ionization of hydrophobic compounds.
We observe that heating the sample gases does enhance charge exchange ionization, even under (nominally) dry conditions. Figure 7 is a plot of the ion signals of the alkylbenzenes normalized to the signal at 100 "C and plotted against sample gas temperature. Heating has a positive and dramatic impact on the ionization efficiency of the alkylbenzenes; a factor of 3-18 improvement was observed at 350 "C. This improvement is strongly dependent on the compound and the specific ion monitored. The ions monitored in Figure 7 are as follows: 120 represents the M+ ion for the C,-substituted benzenes, 108 is the [M + NO+] adduct ion for benzene, 106 is the M+ ion for C,-substituted benzencs, 92 is the M+ ion for toluene, and 78 is the M+ ion for benzene.
Returning to Figure 6 , the effect of heating in the presence of added water is shown by plot A for gases heated to 320 "C. The addition of water to the inlet gases still depresses the response of the alkylbenzenes, but by an average of only 15% with lOO-ppm added water vapor. This is a factor of 3 (15 to 45%) improve- ment in the robustness of APCDI when compared to the loss of signal due to 100-ppm water at 100 "C plot B.
Nitric oxide concentration. The improvements due to heating include additional sensitivity and a more robust ionization process, but the addition of nitric oxide at 100 "C. The traces are labeled as follows: 120 is trimethylbenzene, 108 is benzene, 106 is xylene, 92 is toluene, and 78 is benzene. The numbers (120, 108, 106, 92, and 78) correspond to the mass of either the M+ or M + NO+ monitored.
CWuin gasflow rate. A counterflow of pure dry nitrogen is used to decluster and exclude nonionized atmospheric gases from the high vacuum region of the Sciex instrument 161. However, a significant interference ion CurtalnGa~Fl~~m~(UfM~) Figure 9 . ton intensity (icps) of (NO),N: a~ a function of curtain gas flow rate at three different temperatures.
results from (NO),N: at m/z 88 that is produced by clustering of NO+ with the neutral N, curtain gas.
This ion is the same mass as one potential ion of MTBE (M'). The abundance of the interference ion was observed to be related to the flow of curtain gas; these data are plotted in Figure 9 . To minimize the formation of this interfering molecule, the curtain gas flow rate was lowered from 1.2 to 0.6 L/min. The lower curtain gas flow rate also improved overall ion transmission and, therefore, sensitivity.
Or$ce/rod offsset voltage. The ratio of orifice (OR) to (quadrupole) rod offset (RO) voltage can range from 1-2 or more. In practical terms, the orifice and rod offset voltage values are generally 32-70 and around 30 V, respectively. At higher orifice voltages, the large potential (30-40 V) between the orifice and the first quadrupole accelerates the ions in this region. This region has a fairly high neutral gas density, which means energetic collisions between neutrals and fast moving ions can be induced [13] . This region can be used to dissociate solvent-ion clusters or to fragment molecules, depending on the energies involved. The effect of increasing the orifice voltage (with a fixed rod offset voltage of 30 V) is shown in Figure 10 At higher orifice voltages, nitric oxide is efficiently stripped from the alkylbenzene ion. It can also be deduced from the slope of the data that the benzene-nitric oxide adduct is the most strongly bound of these adducts. The practical implication of this is that two equally representative ions can be selected for monitoring the same compound simply by selecting the proper OR/R0 voltage ratio.
To summarize our findings, if water is reduced to less than 100 ppm in the ion source (by simple dilution of the sample with dry air or nitrogen), if nitric oxide is added to 3000 ppm in the ion source, and if the sample gases are heated to 300 "C, then the impact of the most significant matrix interferent (water) can be reduced to a range of +7%, with sufficient sensitivity to measure most compounds of interest in ambient air. This satisfies our definition of a "robust" Al'CDI ion source.
Compound list and tandem mass spectromety quanfitation.
A list of the most abundant or photochemically reactive compounds of interest to the automotive emissions measurement community is found in Table 2 .
Based on the mass spectra described in the section Jonization Mechanisms, parent ion-daughter ion pairs were selected for tandem mass spectrometry quantitation. The final quantitation list is found in Table 1 . The first column of Table 1 Table 1 . These values are not the absolute sensitivity for a given compound, but should be used as a relative comparison of the sensitivity of this method for different compounds within the list. To determine absolute sensitivity, one may use the following response for benzene: 3 ppb of benzene produces about 1 x lo6 icps. The standard deviation of the background signal is about 1000 icps. Thus a calculated limit of quantitation for benzene (S/N = 5) is 5000 icps, or about 0.015 ppb. The practical detection limit, given the need to maintain water concentration in the ion source at or below 100 ppm, would be a factor of 200 higher, or about 3 ppb in air containing 100% relative humidity. This is sufficiently sensitive to measure benzene in urban ambient air. Sensitivities for other compounds can be estimated from these absolute values for benzene and their ratio of sensitivities in Table 1 . Relative sensitivities change with variations in the composition of the sample matrix. This effect is most pronounced with the aldchydes and alcohols. Water strongly inhibits the nitric oxide ionization of formaldehyde and to a lesser extent, acetaldehyde and the alcohols (data not shown). However, acetaldehyde and the alcohols readily form protonated ions [M + H+] and protonated water ion clusters [M + H,O+], with even small amounts of water (10-100 ppm) present, which means that they still might be quantified via protonation, whereas the alkenes and alkylbenzenes are quantified via nitric oxide ionization. Investigations are under way to determine optimum source conditions for simultaneous detection of all these compounds.
The two molecules that are most difficult to quantify are ethylene and formaldehyde. These two compounds present separate challenges to quantitation. Ethylene does not respond well to nitric oxide ionization (see Table 1 ). Furthermore, ethylene does not give easily characterized molecular or pseudomolecular ions, but instead forms small amounts of M+, [2M + H'], and [2M -H+] ions. Further study is needed to determine if any of these ions can be used for quantitation.
Nitric oxide ionization of formaldehyde, as previously mentioned, is sharply attenuated by even traces of water. Protonated complexes of formaldehyde (the J Am Sot Mass Spectrom 1994 Spectrom ,5,1107~ 1114 major alternative to NO ionization) do not provide sufficient sensitivity for quantitation at water concentrations that are tolerable for the other target compounds. Another possibility is to derivatize formaldehyde (and the other aldehydes) in the gas phase just prior to ionization [14] . The derivative would have to be volatile, selective, and easily ionized by nitric oxide or protonation.
These methods extend APCDI to a wider range of compounds than previously amenable to this type of ionization and reduce the sensitivity of APCDI to matrix interferences, especially water. The methods described herein reduce the effect of water (the most significant interferent expected in ambient air or auto exhaust) on compound response factors to +7% (at worst), yet still provide sufficient sensitivity to quartify a wide variety of hydrocarbons at single parts per billion levels in real-world samples. These methods also are suitable for other applications such as interfacing gas chromatography to APCDI/mass spectrometry. Due to the very dry nature of the gas chromatography effluent and the need for highly sensitive and selective detection, nitric oxide-assisted APCDI would be eminently suited for this application.
